Abstract. MicroRNA (miRNA) expression is dysregulated in many human malignancies, and a growing number of studies are focused on their potential use as tumor biomarkers. To identify a miRNA signature for papillary thyroid carcinomas (PTC), we investigated miRNA expression profiles in two independent cohorts of PTCs, which included major histological subtypes [classical-type (PTC-CT), follicular-variant (PTC-FV), and tall-cell variant (PTC-TCV)] and cases with low or intermediate risk of recurrence. Using TaqMan ® Array Human MicroRNA A+B Cards v3.0, we first performed microRNA profiling of normal and neoplastic thyroid tissues from 29 PTC patients. Promising candidates were then investigated in a second, independent cohort of 76 PTCs using Custom TaqMan ® Array MicroRNA Cards. We identified a molecular signature of 11 miRNAs that were significantly upregulated (miR-146b-5p, miR-146b-3p, miR-221-3p, miR-222-5p, miR-222-3p) or downregulated (miR-1179, miR-486-5p, miR-204-5p, miR-7-2-3p, miR-144-5p, miR-140-3p) in PTC tissues vs. normal thyroid tissue. Upregulation of miR-146b-5p and miR-222-3p was also significantly associated with an increased risk of recurrence. Higher than normal expression of miR-146b-5p and miR-146b-3p characterized PTC-CT and PTC-TCV but not PTC-FV, whereas miR-21-5p was significantly upregulated only in PTC-TCV. When PTC-FV were subclassified as encapsulated (PTC-EFV) or infiltrative (PTC-IFV), miR-204-5p was downregulated in all histological subtypes except PTC-EFV, which displayed expression levels similar to those of normal thyroid tissues. These findings provide new insights into the molecular classification of PTC, showing that different miRNA expression profiles are associated with different histological types of PTC and different risks of recurrence.
Introduction
Papillary thyroid carcinoma (PTC) accounts for ~85% of all well-differentiated thyroid cancers and is thus the most common thyroid malignancy (1, 2) . Most PTCs are small tumors with limited extension, indolent growth, and excellent prognoses, but ~18% exhibit aggressive clinical behavior (2) . PTCs include several histological types: classical forms (PTC-CT), which are the most common, and follicular-and tall-cell variants (PTC-FV and PTC-TC, respectively). Each histotype is characterized by specific clinicopathological features (3) . PTC-TC is the most aggressive of the three, while PTC-FV is the most indolent (4) .
The generally non-aggressive clinical behavior of PTC is consistent with its genetic and biologic characteristics. The mutation density of the PTC genome is on the whole lower than that of other cancers, which reflects its indolent behavior (5, 6) . In addition, thyroid differentiation score (based on expression level of thyroid metabolism and function genes) correlates with histological grade, risk of recurrence and mortality of PTCs (5) . Greater understanding of the molecular underpinning of thyroid cancers will necessarily improve their diagnosis and treatment, especially for certain subtypes whose classification criteria are less rigorously defined and objectively debatable (7, 8) .
In some studies, tumor miRNA profiles have proven to be more useful for classifying cancers than sequencing analysis or gene expression profiling (9) . Their high stability
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in paraffin-embedded tissues (10) and body fluids (11) makes miRNAs excellent candidates as biomarkers for many cancers, including PTC (5, 12) . several studies have explored the expression profiles of these non-coding RNA species in PTCs, and hundreds of miRNAs reportedly display tumorrelated dysregulation in PTCs (5, (13) (14) (15) . However, the specific miRNAs identified as dysregulated vary from study to study, and the results are often discordant (16) . Less is known about the association between miRNA expression and the clinicopathological features of PTC, such as clinical aggressiveness and histological features (17, 18) . The aim of this study was to identify miRNAs with dysregulated expression in PTC, with particular emphasis on alterations associated with specific histological types and/or with the risk of tumor recurrence, in order to clarify the role of miRNAs as effective biomarkers for tumor classification.
Materials and methods
Study design and patient samples. The study was conducted with institutional review board approval and the written informed consent of all patients whose tissues were analyzed. Our primary aim was to define a microRNA signature for sporadic PTC tissue. To this end, we enrolled two independent cohorts of patients with sporadic PTCs who underwent thyroidectomy between 2012 and 2014 at the Department of Internal Medicine and Medical Specialties of 'Sapienza' University of Rome or at the Department of surgical Pathology of the University of Pisa.
Immediately after surgery, samples of tumor tissue and normal tissue from the unaffected lobe were collected prospectively from each participant of cohort I. Tissues were snap-frozen and stored in liquid nitrogen prior to microRNA profiling analysis (described below). On the basis of the results of the screening analysis and a review of the literature, we selected a panel of miRNAs for further validation. Their expression was evaluated in formalin-fixed, paraffin-embedded (FFPE) samples of normal and neoplastic thyroid tissues from the patients making up cohort II.
The secondary aims of the study were to identify miRNAs whose dysregulated expression was associated with one or more histological types of PTC and/or with an elevated risk of posttreatment recurrence. These issues were explored in cohort II, where enrolled cases had been selected specifically to ensure roughly equal representation of low-and intermediate-risk cases, as defined by the American Thyroid Association (ATA) (19) , and the maximum number possible of histological PTC variants (based on availability).
Fresh-frozen and FFPE tissue samples were reviewed separately by two pathologists, who confirmed the diagnosis of PTC, identified the tumor histotype, excluded fresh frozen tumor samples in which tumor cells accounted for <60% of the total, and marked tumor tissue in each slide for macrodissection.
Analysis of tissue miRNAs. Total RNA containing small RNAs was extracted from fresh-frozen tissues (cohort I) using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, UsA) and from FFPE tissues (cohort II) using the mirVana™ miRNA Isolation kit (Thermo Fisher Scientific). The quality and quantity of RNA samples were verified with a NanoDrop spectrophotometer (Thermo Fisher Scientific).
The screening analysis consisted of miRNA profiling performed on fresh-frozen thyroid tissues from cohort I PTC patients. TaqMan Array Human MicroRNA A+b Cards v3.0 (Thermo Fisher Scientific), a set of two 384-well microfluidic cards, were used to quantify the relative expression of 754 miRNAs as previously reported (20) . In the validation analysis, we evaluated the expression of a selected panel of miRNAs in FFPE samples of thyroid tissue from cohort II PTC patients using Custom TaqMan Array MicroRNA Cards (Thermo Fisher Scientific). Each array was configured with specific TaqMan miRNA expression assays (Thermo Fisher Scientific). In both analyses, TaqMan arrays were processed as previously reported (21) . Expression suite software v1.0.3 (Thermo Fisher Scientific) was used to calculate Ct values 
Results
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Screening analysis. Table I shows the characteristics of the 29 PTC patients enrolled in cohort I. Of the 754 miRNAs analyzed in this cohort, 53 exhibited mean levels in the tumor tissues that were significantly higher (n=46) or lower (n=7) than the means for the normal thyroid tissues ( Fig. 1 and Table II ). Validation analysis. From this set of 53 miRNAs, we selected a panel of 30 miRNAs for validation in the 76 patients making up cohort II (Table I) . It included 27 miRNAs with markedly dysregulated expression documented in the tumor tissues of cohort I PTCs as well as in PTC tissues studied by other groups (5, (13) (14) (15) and three other miRNAs PTC-or cancer-related (5,24-28), which were either not analyzed in the screening analysis or not significantly dysregulated in cohort I (Table III) . The results of this analysis identified a signature of 11 miRNAs (miR-146b-5p, miR-146b-3p, miR-221-3p, miR-222-5p, miR-222-3p, miR-1179, miR-486-5p, miR-204-5p, miR-7-2-3p, miR-144-5p, miR-140-3p) that were significantly dysregulated in PTC tumor tissues, as compared with normal tissues from the unaffected lobe (Mann-Whitney followed by bonferroni correction) (Table IV and Fig. 2 ).
Dysregulated miRNA expression in PTC histotypes. Next, we re-analyzed the expression of the 30 miRNAs listed in Table III as a function of PTC histotype. This analysis was restricted to the 74 cohort II PTCs representing the three main histotypes (PTC-CT, PTC-FV, PTC-TCV). The remaining two cases in cohort II were excluded, because they were rare PTC variants (trabecular in one case, sclerosing in the other). The results of this analysis are summarized in Table V . Overall, expression levels of 13 miRNAs were significantly different among PTC-CT, PTC-FV, PTC-TCV and normal thyroid tissues (Kruskall-Wallis). Pair-wise comparisons (post hoc Dunn's test) revealed 11 miRNAs with significantly dysregulated expression (compared with that in normal thyroid tissue levels) in PTC-CT (miR-1179, miR-140-3p, miR-144-5p, miR-146b-5p, miR-146b-3p, miR-200b-3p, miR-204-5p, miR-221-3p, miR-222-5p, miR-486-5p, miR-7-2-3p). Far fewer miRNAs (miR-200b-3p, miR-221-3p, miR-486-5p) displayed altered expression in PTC-FV, which are more indolent than other PTCs. surprisingly, the aggressive PTC-TCV was also characterized by fewer significantly dysregulated miRNAs than PTC-CT (miR-146b-5p, miR-146b-3p, miR-204-5p, miR-21-5p, miR-221-3p, miR-222-5p) (Table V) . This finding might be due to the low number of samples in the PTC-TCV subgroup (n=7 vs. n=47 in the PTC-CT group), which limited the statistical significance of several additional dysregulations observed in these tumors. hsa-miR-146b-001097 hsa-miR-146b-3p hsa-miR-146b-3p-002361 hsa-miR-15a-3p hsa-miR-15a * -002419 hsa-miR-181a-5p hsa-miR-181a-000480 hsa-miR-181a-2-3p hsa-miR-181a-2 * -002317 hsa-miR-183-5p hsa-miR-183-002269 hsa-miR-204-5p hsa-miR-204-000508 hsa-miR-21-5p hsa-miR-21-000397 hsa-miR-181a-3p hsa-miR-213-000516 hsa-miR-221-3p hsa-miR-221-000524 hsa-miR-222-5p hsa-miR-222 * -002097 hsa-miR-222-3p hsa-miR-222-002276 hsa-miR-31-5p
hsa-miR-31-002279 hsa-miR-34a-3p
hsa-miR-34a * -002316 hsa-miR-34a-5p
hsa-miR-34a-000426 hsa-miR-375 hsa-miR-375-000564 hsa-miR-486-5p hsa-miR-486-001278 hsa-miR-652-3p hsa-miR-652-002352 hsa-miR-7-2-3p hsa-miR-7-2 * -002314 hsa-miR-144-5p hsa-miR-144 * -002148 hsa-miR-182-5p hsa-miR-182-002334 hsa-miR-103a-3p hsa-miR-103-000439 hsa-miR-125b-5p hsa-miR-125b-000449 hsa-miR-135b-5p
hsa As shown in Fig. 3 , certain dysregulation appeared to be histotype-specific, such as the significantly upregulated expression of miR-21-5p, which was found exclusively in PTC-TCV, and the significant downregulation of miR-1179, miR-140-3p, miR-144-5p and miR-7-2-3p, which appeared to be specific to PTC-CT. miR-221-3p was the only miRNA that was significantly dysregulated in all three histotypes.
Quantitatively speaking, there were no significant differences between PTC-CT and PTC-TCV in the expression of any of the miRNAs (Table V) . Conversely, three miRNAs Table V . miRNAs differentially expressed in histological subtypes of PTC. (miR-146b-5p, miR-146b-3p and miR-204-5p) displayed expression levels in PTCs-FV that were significantly different from those observed in both PTC-CT and PTC-TCV (Fig. 4A) . Of note, all three of these miRNAs were expressed in PTC-FV at levels similar to those found in normal thyroid tissue (Fig. 4A) .
Post-hoc Dunn's test -------------------------------------------------------------------------------------------------------------------------------------------------
Subclassification of PTC-FV into encapsulated (PTC-EFV) and infiltrative (PTC-IFV) forms showed that the expression of miR-204-5p in PTC-EFV was similar to that of normal tissue, whereas lower levels were found in all PTC variants, including PTC-IFV (Fig. 4B ).
miRNAs associated with risk of tumor recurrence. The 30 miRNAs selected for the validation analysis were further analyzed in low-risk PTCs and intermediate-risk PTCs and a signature of nine miRNAs (i.e., miR-146b-5p, miR-21-5p, miR-222-3p, miR-31-5p, miR-199a-3p/miR-199b-3p, miR-146b-3p, miR-1179, miR-7-2-3p and miR-204-5p) was identified to be associated with a higher risk of tumor recurrence (Table VI) . After bonferroni correction, the expression of miR-146b-5p and miR-222-3p was still significantly upregulated in intermediate-risk PTCs as compared to lowrisk tumors (Fig. 5) .
Discussion
The majority of PTCs display indolent behavior and have an excellent prognosis (2), although certain histological subtypes of PTC are associated with aggressive clinicopathological features and poor outcomes (3, 4) . Risk stratification is essential to avoid overtreatment of the indolent forms and to provide adequate management for the rare aggressive variants. However, reliable biomarkers for this purpose are currently lacking. MicroRNA expression is frequently dysregulated in cancer cells (9) . The high stability of microRNAs in paraffinembedded tissues (10) and body fluids (11) makes them excellent candidates as biomarkers for many cancers, including PTC (5, 12) . In the present study, we identified an 11-miRNA signature for PTC (miR-146b-5p, miR-146b-3p, miR-221-3p, miR-222-5p, miR-222-3p, miR-1179, miR-486-5p, miR-204-5p, miR-7-2-3p, miR-144-5p and miR-140-3p) (Fig. 2) , and two of the 11 (miR-146b-5p and miR-222-3p) were also significantly associated with an increased risk of recurrence (Fig. 5) . Overall, these findings confirm the results obtained in earlier studies (5, (29) (30) (31) , as the downregulation of miR-1179 and miR-7-2-3p which were only marginally reported in literature (32, 33) . The 11 miRNAs mentioned above could be further investigated as diagnostic and prognostic tools for improving the accuracy of preoperative diagnosis of PTC, which currently results indeterminate in ≤20% of cases (19) , and for informing decisions on the extent of surgery.
Differential diagnosis of PTC histological variants is also an important challenge since they differ considerably in terms of genetic background, prognosis, and response to surgical and medical treatment (5) . To identify miRNAs capable of discriminating between the main histological variants of PTC, we analyzed the expression of 30 selected miRNAs in 74 PTCs from the validation cohort, which included 47 PTC-CT, 20 PTC-FV, and 7 PTC-TCV. In addition, since the prognosis of PTC-FV varies considerably depending on whether the tumor is completely encapsulated or infiltrative (34), we also explored miRNA expression in these two PTC-FV subgroups (PTC-EFV, n=14, PTC-IFV, n=6). We found that the expression of miR-146b-5p and miR-146b-3p was upregulated in both PTC-CT and PTC-TCV, whereas their levels in PTC-FV (both encapsulated and infiltrative subtypes) were similar to those found in normal thyroid tissues (Fig. 4A) . As for miR-204-5p, it was downregulated with respect to normal tissue in all PTC histotypes except PTC-EFV (Fig. 4B) . In pairwise comparisons, miR-204-5p expression displayed no significant differences between PTC-IFV and normal tissue or between PTC-IFV and PTC-EFV. However, the possibility that miR-204-5p expression is selectively downregulated in the infiltrative subtype of PTC-FV warrants further investigation because this miRNA could be a promising and independent predictor of capsular invasion in PTC-FV. The fact that miR-21-5p was significantly upregulated only in the tall-cell variant PTC is also of interest since this miR might be used as a potential tool for improving the differential diagnosis of this aggressive but under-diagnosed PTC variant (8) . The differential expression of miR-146b-5p, miR-146b-3p, and miR-21-5p has been reported in the main PTC histotypes (i.e., PTC-CT, Figure 5 . miRNAs associated with risk of recurrence. Expression levels of miR-146b-5p and miR-222-3p are significantly higher in intermediate-risk PTCs than in low-risk PTCs from validation cohort. miRNA levels are reported as mean ± SD normalized to mean expression levels in low-risk PTCs. P-values were obtained by using Mann-Whitney U test followed by bonferroni correction.
PTC-FV and PTC-TCV) (35) . As for the FV subtypes, the PTC-FV studied by sheu and coworkers were all encapsulated tumors. Recently, however, borrelli et al (36) have identified a miRNA signature that distinguishes encapsulated and infiltrative forms of PTC-FV, although downregulation of miR-204-5p expression in PTC-IFV was not one of the discriminating components of this signature.
In conclusion, this study provides new insights into the molecular underpinning of PTC, highlighting dysregulated expression of several miRNAs that distinguish these cancers from normal thyroid tissue and in some cases display intriguing associations with clinicopathological features of PTCs. The subcohorts of PTCs defined by histotype were admittedly small, especially those of PTC-TCV, PTC-EFV, and PTC-IFV. These preliminary findings need to be confirmed by studies on larger cohorts, which might also reveal additional miRNAs that are differentially expressed in PTC variants. It is also important to recall that all of our experiments were conducted on thyroid tissues from patients who underwent total thyroidectomy. Therefore, to assess their actual value in the context of preoperative diagnosis, our findings will need to be validated in fine needle aspirates from patients with PTCs.
